Introduction
============

All organisms rely on regulatory mechanisms to control the expression of certain genes at certain times or in response to certain stimuli. In bacteria, regulation of gene expression is often carried out by DNA-binding proteins that recognize specific motifs found in promoter regions and serve to either activate or repress transcription through interactions with RNA polymerase. These transcription factors and their target genes thus comprise how a cell may respond to different environmental or developmental signals ([@msv193-B53]). These regulatory networks may be highly conserved between related organisms, but growing evidence suggests that many of these networks confer species-specific regulator and target gene associations ([@msv193-B57]). The evolution of regulatory networks in a given organism is thus highly reflective of its environment, where free-living bacteria harboring large and diverse gene sets also contain a proportional number of regulatory factors. For instance, the soil bacterium *Streptomycetes avermitilis* has a genome size of 9.1 Mb (7,582 predicted genes) and is predicted to harbor 623 regulatory proteins ([@msv193-B44]). Contrarily, bacterial symbionts, which experience a stable intracellular environment, have reduced genomes and tend to harbor few regulatory elements, such as the aphid endosymbiont *Buchnera aphidicola* which is predicted to only encode four regulatory proteins for its 507 predicted genes ([@msv193-B44]). Unique among obligate, intracellular bacteria are the *Chlamydiae*, which undergo a biphasic developmental cycle, in which hundreds of genes must be temporally regulated. This conserved developmental cycle, taken with the diversity of ecological niches occupied by chlamydiae and their respective hosts, and reduced impact of horizontal gene transfer in the phylum makes the *Chlamydiae* prime candidates to study the evolution of regulatory networks among intracellular bacteria.

All members of the phylum *Chlamydiae* are associated with eukaryotic hosts. The family *Chlamydiaceae* includes many well-known animal and human pathogens, including the largest contributor to bacterial sexually transmitted disease, *Chlamydia trachomatis*. Outside of this family lies a vast array of chlamydiae that are collectively referred to as "environmental chlamydia." There are at least eight described families outside of the *Chlamydiaceae*, whose members are associated with a smorgasbord of eukaryotes, ranging from protists, enigmatic marine worms, arthropods, and fish ([@msv193-B28]; [@msv193-B40]; [@msv193-B69]). Despite this tremendous diversity in host range, a paramount unifying feature is a shared biphasic developmental cycle in which an infectious, extracellular elementary body (EB) enters a host cell, and transitions into a replicative and fully metabolically active reticulate body (RB). Following replication, the RBs differentiate back to EBs and are subsequently released into the environment, usually as a result of host cell lysis. Several pioneering transcriptomics studies in the human pathogens *Chlamydia trachomatis* ([@msv193-B7]; [@msv193-B52]) and *Chlamydia pneumoniae* ([@msv193-B46]; [@msv193-B2]) illustrated that this developmental cycle is marked by differential temporal expression patterns of large sets of genes, which have been broadly characterized as early (EB to RB conversion), mid (RB replication), and late (RB to EB conversion).

Despite the wide importance of these organisms in animal and human health, the infancy of tools for genetic manipulation ([@msv193-B26]; [@msv193-B51]) and the difficulty of intracellular systems have made the elucidation of the major regulatory players arduous ([@msv193-B68]). Only a handful of microarray and RNA sequencing studies are available ([@msv193-B7]; [@msv193-B52]; [@msv193-B46]; [@msv193-B2]) and within this subset even fewer provide the resolution needed to characterize expression profiles over the developmental cycle. Here, we utilize the power of phylogenomics to lend insights into the evolution and diversity of the regulatory proteins and schemes we find distributed throughout the phylum. We systematically predicted transcription factors found in the chlamydial phylum, and we provide the first comprehensive prediction of transcription regulatory networks for various members of the *Chlamydiae*.

Results and Discussion
======================

Diversity of Regulatory Elements Reflects Host Diversity and Ecology
--------------------------------------------------------------------

The genome size of members of the *Chlamydiae* varies over 2 Mb, from the smallest genome of *Chlamydia trachomatis* (1.04 Mb) to the largest of *Parachlamydia acanthamoeba* (3.07 Mb). Of the 9,933 gene families in the phylum, only 409 families are conserved between all *Chlamydiae*. This indicates a small subset of genes that likely function in core chlamydial biology, such as the developmental cycle, and a large repertoire of genes that likely serve more specific roles tailored to each organism's environment ([@msv193-B16]). Diversity and expansion of gene content are often met with the need to regulate these genes ([@msv193-B53]). To see whether this large diversity of genes was matched with increased regulatory elements, we exhaustively searched for predicted regulators in the genomes of all sequenced chlamydia by identifying all proteins containing DNA-binding domains and/or sequence homology to known regulators. Combined with the nine previously described regulators in the *Chlamydiaceae*, we uncovered a striking diversity of 73 putative regulators found with varying frequency throughout the phylum ([fig. 1](#msv193-F1){ref-type="fig"} and [supplementary table S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1) online). Indeed, we observe that the more reduced genomes of the *Chlamydiaceae* harbor relatively few transcription factors (12--15), whereas the larger genomes of the environmental chlamydia harbor an extensive diversity of putative regulators. It is interesting to note, however, that the largest chlamydial genomes do not harbor the largest set of predicted regulatory elements, that honor is bestowed upon *Rubidus massiliensis*, which harbors 37 predicted regulators. *Protochlamydia naegleriophila* and *Simkania negevensis* both contain 31 predicted regulators; however, they vary in genome size by nearly approximately 0.5 Mb (which in real terms is half the size of the genome of *C. trachomatis*). *Simkania negevensis* notably harbors the most unique set of predicted regulators, with 11 being unique to only this organism. F[ig]{.smallcaps}. 1.Distribution and conservation of putative transcriptional regulators in the *Chlamydiae*. The plot shows gene presence and absence of predicted regulators for members of the phylum *Chlamydiae* (yellow background indicates members of the family *Chlamydiaceae*; green background indicates environmental chlamydiae). The species phylogeny shown was calculated from a concatenation of 33 markers genes using PhyloBayes ([@msv193-B42]) under the CAT-GTR model. The box inlay displays those genes that are conserved throughout different taxonomic levels. We included AtoC as a globally conserved regulator, as it is only absent in the incomplete genome of *Criblamydia* (\*)*.* pc1704 refers to the *Protochlamydia amoebophila* UWE25 locus tag of the conserved, yet uncharacterized protein.

This large disparity in the predicted regulatory elements may reflect the differences in host and environmental niches of each organism. All members of the *Chlamydiaceae* infect higher animal hosts, such as humans, koala, birds, and reptiles ([@msv193-B28]; [@msv193-B40]; [@msv193-B69]), which suggest that these organisms are well adapted to this particular intracellular environment. This is in contrast with most of the sequenced environmental chlamydia, which primarily have been isolated from free-living amoeba in both soil and aquatic environments ([@msv193-B28]; [@msv193-B40]; [@msv193-B69]). These environments are much more tumultuous and thus these chlamydial organisms must have a genetic repertoire to compete effectively against other facultative amoeba-associated organisms, such as *Legionella* species ([@msv193-B48]), and to survive the harsh conditions while in the extracellular EB stage. From the current fully sequenced environmental chlamydia, only two organisms were not originally isolated from free-living amoeba. *Waddlia chondrophila* was first isolated from an aborted bovine fetus ([@msv193-B63]), and *Simkania negevensis* was originally discovered as a contaminant in human cell culture ([@msv193-B33]); however, both organisms grow well in *Acanthamoeba* species ([@msv193-B28]).

Here we find that several of the unique or sparsely distributed transcription factors are putatively involved in regulating operons that function in distinct metabolite metabolism or transport ([supplementary table S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1) online), such as arsenic resistance (ArsR), amino acid metabolism (ArgR and TrpR), and carbon storage (CsrA and CsiR). Speculation on the actual roles of regulatory proteins is difficult, as orthologous transcription factors can have vastly different functions, even between closely related bacteria ([@msv193-B57]). Most transcription factors acquired through horizontal gene transfer often are local regulators, meaning they only control a small, typically adjacent, subset of genes ([@msv193-B56]). Indeed, most of the transcription factors that are species specific are adjacent to other nonconserved genes, although this does not necessarily mean that these genes are under the control of the "local" regulator. However, we do find an apparent cotransfer of the mercury resistance repressor and the corresponding operon into the plasmid of *S. negevensis*, consisting of the regulator MerR, the mercuric reductase MerA, and one membrane spanning protein MerT ([@msv193-B9]). Evidence for horizontal acquisition is also exemplified with a member of the LysR family of regulators that was transferred into the ancestor of *Simkania* and *Criblamydia* from members of the *Alphaproteobacteria* ([supplementary fig. S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1) online). The presence of LysR in only two chlamydiae suggests that multiple losses also occurred, such as in *Waddlia* and all *Parachlamydia,* when we reconcile these data with the species tree (shown in [fig. 2](#msv193-F2){ref-type="fig"}). F[ig]{.smallcaps}. 2.Gain and loss of transcription factor gene families during *Chlamydiae* evolution. Using the phyletic profile of each gene family containing a predicted regulator, we used the Dollo parsimony approach in COUNT ([@msv193-B19]) to model the gains and losses of transcription factors along the chlamydial species tree. The environmental chlamydial genomes have undergone extensive gains and losses, whereas the *Chlamydiaceae* have only three gains at the initial family separation and are then marked by differential losses.

When we modeled the gene family history of all putative transcription factors ([@msv193-B19]), we find that there has been a veritable mix of gains and losses in every family except for the *Chlamydiaceae* ([fig. 2](#msv193-F2){ref-type="fig"}). The *Chlamydiaceae* have only acquired three transcription factors when they split from the other families (DcrA, GrgA, and the plasmid regulator pGP4), and all other changes in the transcription factor repertoire have been differential losses. This is in stark contrast to the environmental chlamydia, where a total of 63 regulator genes were acquired in various lineages ([fig. 2](#msv193-F2){ref-type="fig"}). Notably, we even find gains and losses among members of the same species, for instance, between the two *Protochlamydia* species infecting different amoeba hosts, which may indicate that adaptation to novel niches may have been facilitated through changes in gene regulation.

Conserved Regulators Are Essential to Chlamydial Biology
--------------------------------------------------------

Moving from the surprising diversity of regulators found in the phylum *Chlamydiae*, those regulators that are conserved are those that likely confer essential and fundamental roles in chlamydial biology. Out of all putative transcription factors, only eight (AtoC, ChxR, DksA, EUO, HrcA, PhoU, YebC, and YtgR) are conserved among all members of the phylum ([fig. 1](#msv193-F1){ref-type="fig"} and [supplementary table S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1) online). An additional two (YbjN and NrdR) are nearly conserved (absent in \<2 genomes) in all *Chlamydiae*, and two described additional factors (DcrA and GrgA) are specific for the *Chlamydiaceae* ([@msv193-B59]; [@msv193-B5]). The role of DcrA as a transcription factor, however, is currently under debate ([@msv193-B37]). Some of these phylum-wide conserved regulators have been implicated as major players in the chlamydial developmental cycle. For example, EUO has donned the title of the master regulator of late gene expression (RB to EB conversion) in *Chlamydiaceae*, where previous studies have nicely shown that EUO represses the transcription of late genes ([@msv193-B61]; [@msv193-B60]). Several studies have demonstrated that global regulators, that is those regulators which control large numbers of target genes, evolve more slowly than other regulators, and tend to be vertically inherited ([@msv193-B58]; [@msv193-B56]; [@msv193-B53]). Thus, the individual gene trees for global regulators tend to be concordant with species trees ([@msv193-B56]). As EUO currently represents the only bona fide global regulator in the phylum, we chose to reconstruct the phylogeny of this gene. Indeed, the gene tree for EUO is highly concordant with the chlamydial species tree ([supplementary fig. S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1) online), indicative that EUO has been vertically inherited throughout chlamydial evolution, providing further evidence for its role as global regulator in all chlamydiae.

Additionally, ChxR has been implicated as an activator of midcycle genes, where chlamydia are fully metabolically active and dividing as RBs ([@msv193-B38]; [@msv193-B27]). YtgR has been shown to negatively regulate the *ytg* operon which is believed to function in metal ion transport ([@msv193-B1]), and likely does not have a major role in developmental cycle regulation. This is likely also the case for the acetate metabolism regulator AtoC and the heat shock response regulator HrcA, which is involved in response to cellular stress and has been experimentally characterized to regulate the *dnaK* and *groE* operons in *C. trachomatis* ([@msv193-B73]; [@msv193-B74]). The putative phosphate regulator PhoU has not been investigated, but likely has a limited role specific to regulating genes under specific environmental stimuli, and has not been implicated as a major player in the developmental cycle. The role of YebC in chlamydia has not yet been investigated, and little can be derived about its function in these organisms. This gene is upregulated late in the *Chlamydia* developmental cycle ([@msv193-B52]), suggesting that it may function in processes involved in the conversion of RB to EB.

Loss of σ^28^ Reveals Plasticity in Gene Regulation
---------------------------------------------------

Sigma factors allow the differential binding of RNA polymerase to the promoter region of genes and thus are transcriptional regulators. Within the *Chlamydiae* only three sigma factors have been identified: The primary σ^66^, the alternative σ^54^, and a minor σ^28^ ([@msv193-B68]). Thus far, the role ascribed to σ^28^ is a temporal regulator of late gene expression ([@msv193-B77]). Intriguingly, only members of the *Chlamydiaceae* contain the minor σ^28^. The absence of σ^28^ in the environmental chlamydia is perplexing as several of the genes shown to be regulated by this protein in the *Chlamydiaceae* are still present in these organisms.

Several lines of evidence indicate that σ^28^ was lost in environmental chlamydia rather than acquired by the *Chlamydiaceae*. Phylogenetic analysis suggests that σ^28^ in the *Chlamydiaceae* was vertically inherited from the last common ancestor with the *Verrucomicrobia* ([fig. 3](#msv193-F3){ref-type="fig"}), which is in line with our current understanding of the evolution of the *Planctomycetes--Verrucomicrobia--Chlamydiae* superphylum ([@msv193-B72]; [@msv193-B34]). We exhaustively searched in the intergenic regions of the environmental chlamydia genomes to detect any remaining fragments of σ^28^, but it seems that such an ancient loss has left little remnants. Second, as it has been proposed that σ^28^ may be subject to regulation through a partner-switching mechanism ([@msv193-B29]), we find several members of this pathway, such as RsbV2, RsbW, and RsbU2, present in environmental chlamydial genomes. The losses of the other members of this regulatory cascade, such as RsbU and RsbV, which are conserved in the *Chlamydiaceae* ([@msv193-B29])*,* reflect that these proteins were likely no longer needed once σ^28^ was lost. The retention of the other Rsb proteins might suggest that these proteins were recruited in a regulatory cascade for one of the two remaining sigma factors present in the environmental chlamydia. F[ig]{.smallcaps}. 3.Loss of sigma factor σ^28^ in environmental chlamydia. Phylogenetic analysis under the GTR model in PhyloBayes supports a scenario in which the *Chlamydiaceae* σ^28^ was inherited from the *Verrucomicrobia* (PP = 0.92), and an ancient loss of this protein occurred in the environmental chlamydia. The topology of the gene tree for the *Chlamydiaceae* is largely congruent with the species phylogeny. Arrow indicates outgroup consisting of various representatives of different bacterial phyla.

The loss of σ^28^ would have prompted major changes in the transcriptional regulatory network within all environmental chlamydia. At the sequence level, these changes may be borne out as losses of transcriptional regulatory binding sites for genes once under the control of a σ^28^. As functional elements, such as transcription factor binding sites, tend to be under selective constraint, these elements may be highly conserved throughout evolution ([@msv193-B47]). Thus, one can scan the orthologous promoter regions in multiple species to find conserved sequence motifs, an approach called phylogenetic footprinting ([@msv193-B14]; [@msv193-B35]). In this vein, the tail-specific protease, Tsp, is a σ^28^-regulated gene expressed late in the *Chlamydiaceae* ([@msv193-B39]), but is present also in all environmental chlamydia genomes. When we look at the phylogenetic footprint in the promoter region of this gene, there is a significant motif found through all *Chlamydiaceae*, as would be expected ([fig. 4](#msv193-F4){ref-type="fig"}*A*). There is a notable absence of a motif shared between any members of the environmental chlamydia, suggesting that major independent sequence evolution has occurred in these promoter regions. This is in stark contrast with the promoter region of the globally conserved heat shock response regulator, HrcA, which is known to self-regulate its own expression in addition to the other heat shock response genes in *Chlamydiaceae* ([@msv193-B73]; [@msv193-B74]). Here, we find conserved motifs found throughout all members of the phylum *Chlamydiae* ([fig. 4](#msv193-F4){ref-type="fig"}*B*), suggestive that this gene is regulated in the same manner throughout all members. Thus, the key question becomes "how are the σ^28^-regulated genes in the *Chlamydiaceae* that are present in the environmental chlamydia regulated?" Given that we cannot detect any significant conserved motifs in the promoters of these genes among the environmental chlamydia, this suggests a loss of strict regulation. Indeed, when we examine the preliminary transcriptome of *Protochlamydia amoebophila* (König L, personal communication), we find that all of these "σ^28^-late genes" are now constitutively expressed throughout the developmental cycle, again suggesting a loss of the temporal regulation of these genes as seen in the *Chlamydiaceae*. F[ig]{.smallcaps}. 4.Phylogenetic footprints for *tsp* and *hrcA*. The conserved overrepresented DNA motifs detected for (*A*) *tsp* and (*B*) *hrcA* are shown as the output of the program *matrix-scan* from the RSAT package ([@msv193-B70]). The colored boxes in the promoter regions indicate discovered motifs, and the height represents the statistical significance score. The promoters for each organism correspond to the direct orthologous promoter regions found in each species for either *tsp* or *hrcA*. The *hrcA* (*B*) promoter contains a well-conserved motif, which is found throughout the chlamydial phylum. Transcription of *tsp* in the *Chlamydiaceae* is mediated by σ^28^ and we detect a well-defined motif (*A*) among these organisms. However, the loss of σ^28^ in environmental chlamydia is matched with the loss of this binding site for these organisms.

Evolutionary Dynamics within Chlamydial Regulatory Networks
-----------------------------------------------------------

To investigate the evolution of regulatory networks within the *Chlamydiae*, we used a combinatorial approach of comparative genomics and existing transcriptomics data from various chlamydial organisms. Our approach focused around phylogenetic footprinting, and using the approach from [@msv193-B10] we linked genes together that share similar footprints to construct predicted coregulatory networks for each of the fully sequenced chlamydial genomes (*n* = 17). We then used the transcriptomic studies from *C. trachomatis* ([@msv193-B7]; [@msv193-B52]) and *C. pneumoniae* ([@msv193-B46]; [@msv193-B2]) to further corroborate predicted regulatory schemes. This sequence-based approach was shown to infer coregulation networks just as well as microarray-derived networks in yeast ([@msv193-B10]), and thus can serve to elucidate regulatory schemes for nonmodel organisms.

Genes, that is, nodes, are incorporated into the predicted coregulation network if they have a significant motif shared in the promoter region with other genes or are predicted to be in an operon, where the edges are weighted by the strength of the similarity between these motifs, called the DPbits score ([@msv193-B10]). Thus connections between nodes suggest that the respective genes are regulated in the same fashion, and large regulons would appear as highly connected subnetworks. Out of the 874 genes present in *C. trachomatis* 434/Bu, 644, or 76%, are represented in the inferred coregulation network ([table 1](#msv193-T1){ref-type="table"}). Similarly, the *C. pneumoniae* CWLO29 network comprises 733 genes (70%) out of the total 1,052 total genes ([fig. 5](#msv193-F5){ref-type="fig"}*A* and [table 1](#msv193-T1){ref-type="table"}). With this method, we detect subnetworks of previously well-defined regulons, such as the HrcA regulon. This subnetwork in *C. pneumoniae* is comprised well-characterized members of the regulon, such as *hrcA*, *dnaK*, *groEL*, *groES*, and *grpE* ([@msv193-B73]; [@msv193-B74]) ([fig. 5](#msv193-F5){ref-type="fig"}*B*). Intriguingly, two genes (*phoH* and CPn0105/CT_016) are strongly predicted to be coregulated within the HrcA regulon, possibly representing additional members within this regulatory network. These novel members are conserved in the predicted networks across the phylum and contain nearly perfect motifs matching the described CIRCE ([supplementary fig. S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1) online) element recognized by chlamydial HrcA ([@msv193-B73]), strengthening the argument that these are likely part of this regulon. The EUO regulon currently consists of 15 members ([@msv193-B61]; [@msv193-B60]), 10 of which are integrated into the networks ([supplementary fig. S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1) online). Six of these members, including *ltuB, omcA, hctB,* and *scc2*, have direct links to each other in the network, but all members are part of a tightly linked subnetwork that is strongly indicative of a regulon ([supplementary fig. S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1) online). We additionally investigated whether the known five members of the ChxR regulon ([@msv193-B38]; [@msv193-B27]) were present in the network. Indeed, four members of the ChxR regulon are present, including *chxR*, *tufA*, *infA*, and CT_084 ([supplementary fig. S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1) online). Therefore, of the three defined regulons described for chlamydial organisms, we correctly predict that many of the respective members are coregulated with each other. F[ig]{.smallcaps}. 5.Predicted coregulatory network and HrcA regulon for *Chlamydia pneumoniae*. The predicted coregulatory network (*A*) for *C. pneumonaie* CWL029 is shown where nodes in the network represent genes, and edges are predictions of genes to be coregulated based on the similarity of phylogenetic footprints between genes. The color of the edges scale with the strength of a prediction, where dark red represents genes strongly predicted to be coregulated and yellow for weaker predictions. The large interconnected set of genes contains many type III effector proteins and virulence-associated genes. Many of the subnetworks outside of this large "hairball" represent predicted operons. The HrcA regulon (*B*) is shown as an example of genes that are strongly predicted to be coregulated. Table 1.Properties of Predicted Coregulatory Networks.NetworkDPbits ScoreNodesEdgesAverage No. of Neighbors*Chlamydia trachomatis*1644 (422)3,968 (3,617)12.3 (17.1)5233 (89)656 (468)5.6 (10.5)*Chlamydia pneumoniae*1733 (558)4,523 (4,238)12.3 (15.1)5286 (86)679 (412)4.74 (9.6)*Protochlamydia amoebophila*1710 (450)2,261 (1,889)6.3 (8.4)3350 (143)627 (368)3.6 (5.1)*Simkania negevensis*1734 (266)1,668 (1,060)4.6 (7.9)3314 (100)621 (250)3.9 (5.0)*Chlamydiaceae*1443 (134)975 (581)4.4 (8.7)"Chlamydia" clade5194 (71)488 (325)5.0 (9.2)"Chlamydophila" clade5230 (50)346 (133)3.0 (5.3)Environmental chlamydia1165 (NA)169 (NA)2.1 (NA)*Chlamydiae* phylum1122 (NA)115 (NA)1.9 (NA)[^2]

The deep RNA-sequencing study of *C. pneumoniae* revealed that 70% of all genes detected could be affiliated with an operon ([@msv193-B2]), and thus operon prediction should be taken into consideration for network construction. The approach we used to infer operons ([@msv193-B70]) is based on a simple distance metric (default of 55 base pairs) of genes oriented in the same direction, which has been reported to be approximately 80% accurate ([@msv193-B30]). To ensure that our operon prediction was reasonable, we compared these predictions with that of the DOOR 2.0 database ([@msv193-B45]). Here operon prediction is based on a sophisticated algorithm considering a number of additional parameters, which correctly predicted 78.6% of the operons identified from the *C. pneumoniae* RNA-sequencing experiment ([@msv193-B2]), and was shown to be the best overall operon prediction software ([@msv193-B11]). We find excellent agreement between these two methods, as the percentage of Regulatory Sequence Analysis Tools (RSAT) operon predictions that were also predicted by the DOOR database was 98% for *C. trachomatis* 434/Bu, 98% for *C. pneumoniae* CWLO29, and 96% for *Protochlamydia amoebophila* UWE25 ([supplementary table S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1) online). Therefore, the operon prediction applied is quite accurate for the data set and---as it accounts for roughly 50% of the genes present in the networks ([supplementary table S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1) online)---important for the correct prediction of coregulated genes.

Untangling the Hairball of Virulence Genes
------------------------------------------

One of the major goals of chlamydia research, at both a clinical and basic research level, is to identify those proteins translocated into the host cell to manipulate the host and subvert resources to the chlamydia. This is primarily achieved by the type III secretion system ([@msv193-B54]; [@msv193-B6]; [@msv193-B8]; [@msv193-B49]). Quite strikingly, when we reduce the individual networks to only those edges that are the strongest predictions for being coregulated (DPbits score ≥ 7), a subnetwork of primarily virulence genes is preserved. In *C. trachomatis* 434/Bu, this network consists of 27 genes, 16 of which are either known type III secreted effector proteins or membrane proteins ([fig. 6](#msv193-F6){ref-type="fig"}). These genes include the actin modulating effector TarP (CT_456) ([@msv193-B15]); the family of DUF582 proteins recently reported to be effectors (CT_620, CT_711, CT_712) ([@msv193-B50]); a protein that interacts with the host cell cycle regulator GCIP (CT_847) ([@msv193-B12]); the Pmp-like secreted protein CT_050 ([@msv193-B32]); CT_132 and CT_142-144, all of which either demonstrated translocation by a surrogate type III system or were computationally predicted to be effectors ([@msv193-B20]). In addition to these type III effectors, we find several genes encoding membrane proteins, such as a predicted membrane protein OMC1 (CT_073), the predicted virulence-associated inclusion membrane protein (Inc) CT_837 ([@msv193-B22]), and the cysteine-rich outer membrane protein OmcA ([@msv193-B23]). Given the inherent difficulties surrounding the prediction of type III effectors, it is rather striking that our approach uncovered such a highly connected network of virulence genes. By relaxing the threshold (DPbits score ≥ 5) this subnetwork expands to 89 nodes ([supplementary fig. S5](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1) online), which includes other known type III secreted effectors such as GlgC ([@msv193-B4]) CT_365, CT_620, and CT_695 ([@msv193-B50]), and several other putative Inc proteins (CT_005, CT_814) ([@msv193-B22]). These top-scoring predictions connecting virulence genes hold over all organisms investigated ([supplementary fig. S6](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1) online). F[ig]{.smallcaps}. 6.Putative virulence regulon of *Chlamydia trachomatis*. When we filter the predicted coregulation network to only include those edges that are the most strongly predicted (DPbits score ≥ 7), a tightly connected subnetwork appears, consisting mainly of virulence-associated genes. Of the 29 nodes in the subnetwork, 10 have been described as type III effector proteins and 5 described as membrane proteins. Nodes within this subnetwork likely represent strong candidates for a role in facilitating host--microbe interactions.

The topologies in these networks may indicate differential regulation between effector protein sets. For example, in the *C. trachomatis* subnetwork, there appear to be two main cliques: One containing the membrane proteins and those proteins connected to CT_073, and the other with those proteins clustering around CT_619 and CT_620 ([fig. 6](#msv193-F6){ref-type="fig"}). These two cliques may represent two different sets of effectors, regulated at different times, by different factors, or for different functions. For instance, TarP and CT_849 represent effector proteins that are involved in initial inclusion formation and modification ([@msv193-B71]), whereas the family of DUF582 proteins (CT_620, CT_712) in the other clique have been proposed to function in mid/late stages of the developmental cycle with a possible role facilitating exit from the host cells ([@msv193-B50]).

Conservation of Coregulatory Networks across the Phylum
-------------------------------------------------------

Key questions we can ask using the individual predicted coregulatory networks are how similar are they across differing taxonomic levels. If a particular prediction was conserved throughout these organisms, we would consistently recover these edges in the individual networks, and thus they would be present in a consensus network. Indeed, within-family comparisons revealed many shared coregulated genes for the *Chlamydiaceae*, for instance, *C. trachomatis* and *C. pneumoniae* share 556 nodes of 820 orthologs ([table 1](#msv193-T1){ref-type="table"}). Among 6 members of the *Chlamydiaceae*, 443 nodes are present in the consensus network ([table 1](#msv193-T1){ref-type="table"} and [supplementary fig. S7](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1) online). If we construct a consensus network where we only consider edges from individual networks if they are top predictions (DPbits ≥ 5), we uncover certain network properties that are different between two groups within the *Chlamydiaceae*, represented by *C. trachomatis, C. muridarum*, and *C. suis* ("Chlamydia" clade), and the group containing *C. pneumoniae* and relatives ("Chlamydophila" clade, previously classified as a separate genus; [@msv193-B66]). Despite the "Chlamydophila*"* clade having more total nodes in the networks (230--194), the large putative virulence regulon (i.e., the main network) is comprised fewer members (50--71) and has far fewer edges than that of the "Chlamydia*"* clade network (133--325). Another parameter we can assess between these networks is the average number of neighbors a node has, which is 5.3 in the "Chlamydophila" and 9.15 for the "Chlamydia," again confirming a higher degree of conservation for the "Chlamydia" clade. This disparity suggests that the regulatory network controlling the genes in the "Chlamydia" clade is more conserved than that of the former "Chlamydophila" clade. The members of the "Chlamydophila" have a wider breadth of hosts than that of the "Chlamydia" clade, and thus this difference might be borne out here in that certain members of the "Chlamydophila" clade have more specialized network architecture. In summary, the consensus network of the *Chlamydiaceae* is still similar to the individual organisms' networks. The presence and retention of many of the genes of the "virulence"-subnetwork indicate family- and genus-specific regulons involved in host manipulation.

When we ask which predicted interactions are conserved across the whole phylum (*C. trachomatis*, *C. pneumoniae*, and all environmental chlamydia; *n* = 6), 122 genes remain in the network. Most of these represent genes that are in predicted operons whose gene order has been preserved, such as the ribosomal proteins, the ATP-synthase subunits, cell wall components, and type III secretion machinery. The highly conserved HrcA regulon, whose various members are not in an operon, was recovered, serving almost as an internal positive control for this analysis. If we relax our stringency on conservation to an edge being present in five of the six genomes analyzed, the consensus network doubles in size, to 240 genes ([fig. 7](#msv193-F7){ref-type="fig"}*A*). Here, we recover a tightly connected subnetwork of 49 genes primarily involved in host manipulation and acquisition/processing of nutrients ([fig. 7](#msv193-F7){ref-type="fig"}*B*). This includes the ATP/ADP translocase 1 (*tlcA*), adenylate kinase (*adk*), the well-studied type II effector CPAF ([@msv193-B78]), glycogen metabolism genes (*glgC* and *glgX*), and several other genes involved in nucleotide metabolism (*dut*, *surE,* and *pyrG*). This consensus network is notably void of the virulence-associated genes found in the stringently filtered individual networks. The phylum-wide subnetwork ([fig. 7](#msv193-F7){ref-type="fig"}*B*) is enriched in eggNOG functional categories in metabolism compared with the equivalent (i.e., the "hairball") in *C. trachomatis* (44--26%, respectively; [supplementary fig. S8](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1) online). This conserved subnetwork thus seems to comprise genes needed for exploitation of the intracellular niche and nutrient metabolism. Unlike the establishment of infection, which may require highly specialized effectors for distinct host species, once inside a eukaryotic cell it seems the ways to exploit this niche by chlamydial species are rather conserved. F[ig]{.smallcaps}. 7.Phylum-wide conservation of predicted coregulations in the *Chlamydiae*. The consensus network was created by comparison of individual organism's predicted coregulation networks (*n* = 6). An edge was kept if it was present in five or more networks. The 240 genes present in this network (*A*) mainly represent conserved operons, with the exception of a putative regulon of 41 genes (*B*) that mainly have function in exploitation of the intracellular niche. The activator of this subnetwork may be ChxR, which is indicated. Notably, the virulence genes detected in individual organism's networks are absent in this consensus network.

Intriguingly, ChxR and EUO, two of the conserved and previously described chlamydial transcriptional regulators, are highly integrated in this network ([fig. 7](#msv193-F7){ref-type="fig"}*B*). Given that ChxR is known to autoregulate its own expression, it is tempting to suggest that those promoters linked with ChxR in this regulon may be under its control. Of the conserved predictions of coregulation with ChxR we find several genes associated with type II secretion, including the type II secreted effector CPAF and the type II secretion machinery operon (*gspDEF* and the conserved hypothetical protein CT_573). Although there is debate as to the biological function CPAF serves in chlamydial infections ([@msv193-B13]), it is intriguing that we uncover the conservation of predictions involving ChxR with a type II secreted substrate and the type II secretion system, both considered midcycle genes. ChxR is also connected to ATP/ADP translocase (*tlcA*) and the adenylate kinase (*adk*), both of which are involved in nucleotide metabolism and appear to be midcycle genes ([@msv193-B7]). The interconnectedness of all nodes in the conserved phylum-wide network suggests that, indeed, these genes all have shared motifs and may be under the control of the same regulator. The presence of one of the experimentally demonstrated targets of ChxR, CT_084 ([@msv193-B38]), in the network offers more evidence that this may represent genes under the control of this activator. As it has been proposed that ChxR may function as the activator of midcycle genes ([@msv193-B38]), our networks support this notion and suggest that ChxR may be an even more important regulator of global gene expression than previously thought.

Conclusions
===========

Here, we have investigated the evolution and diversity of the transcriptional regulatory architecture at a phylum-wide level. We systematically identified putative transcription factors and demonstrated that there have been extensive gains and losses of these factors during chlamydial evolution. The conserved regulatory players, especially EUO and ChxR, likely play fundamental roles in regulating gene expression, as demonstrated by their conservation across the phylum and their central placement within our regulatory networks. Further investigations, for instance, by CHiP-Seq of various transcription factors, within and between chlamydial organisms, will allow us to fully characterize the regulatory schemes present in the phylum. As we work toward this goal, the comparative genomics approach we implemented here remains a powerful tool to explore this component of evolution that would otherwise remain vastly unexplored. In this vein, we provide the first description of regulatory networks for members of the *Chlamydiae*, including those with direct relevance for human health. Our analysis revealed that major players involved in host-cell manipulation and virulence are coregulated and are largely genus and family specific in their network organization. Additionally, we uncovered that the regulatory network architecture is not well conserved throughout the phylum, but those connections that are conserved are primarily involved in the exploitation of the intracellular niche, such as nucleotide and ATP scavenging. An invaluable corollary of this network approach is that genes integrated into these networks represent prime candidates as novel virulence-associated genes, and provide the chlamydial research community a solid starting point for investigating the roles of hypothetical proteins. This approach can easily be expanded to other nonmodel systems to elucidate putative functions for hypothetical proteins and determination of virulence factors ([@msv193-B10]).

Materials and Methods
=====================

Identification of Conserved Transcription Factors
-------------------------------------------------

The proteome of each organism was scanned using InterProScan v5 ([@msv193-B31]), and hits matching the DNA-binding domain families from the curated DBD database ([@msv193-B75]) to PFAM ([@msv193-B24]) and SUPERFAMILY ([@msv193-B25]) were extracted and further curated to remove false-positive matches. We additionally searched for Gene Ontology terms associated with gene regulation and those previously described in the literature. Orthologous groups of proteins were determined by OrthoMCL ([@msv193-B43]) using default parameters. We inferred the evolutionary history of the transcription factors along the species tree using COUNT with the Dollo parsimony option ([@msv193-B19]).

Chlamydial Species Phylogeny
----------------------------

Using AMPHORA2 ([@msv193-B76]) we extracted 31 phylogenetic marker genes from each chlamydial proteome. Each gene family was aligned with MAFFT ([@msv193-B36]) using the LINSI algorithm, followed by removal of poorly aligned sites using BMGE ([@msv193-B17]). The individual alignments were concatenated together using SCaFoS ([@msv193-B62]). Phylogenetic analysis was performed using the CAT-GTR (general time reversible) model in PhyloBayes-MPI ([@msv193-B42]) running two independent chains. We determined that the chains had converged when the maximum discrepancies in bipartition frequencies (bpcomp) dropped below 0.1 and effective sampling size of parameters (tracecomp) was at least 100 between the chains, as per the recommendation in the PhyloBayes manual ([@msv193-B41]). We additionally performed a maximum-likelihood analysis using RAxML ([@msv193-B65]) under the "PROTGAMMALGF" model with 1,000 bootstraps. The PhyloBayes and RAxML tree topologies were nearly congruent.

Gene Family Phylogenies
-----------------------

EUO protein sequences were obtained from the OrthoMCL data. Protein sequences for the *lysR* (*pecT*) and σ^28^ analysis were obtained through Basic Local Alignment Search Tool (BLAST) against the UniRef 90 database ([@msv193-B67]). To account for compositional heterogeneity between species in the σ^28^ analysis, we recoded the alignment into the six DayHoff categories. All alignments were performed with MAFFT ([@msv193-B36]) using the LINSI algorithm, followed by removal of poorly aligned sites using BMGE ([@msv193-B17]). We reconstructed the EUO gene family phylogenetic tree using RAxML ([@msv193-B65]) under the "PROTGAMMALGF" model with 1,000 bootstraps. Phylogenetic trees for LysR and σ^28^ were calculated with PhyloBayes under the GTR model and convergence checks were performed the same as in the species tree analysis.

Phylogenetic Footprinting and Predicted Coregulatory Networks
-------------------------------------------------------------

We used the RSAT ([@msv193-B70]) suite to construct both the phylogenetic footprints and predicted coregulatory networks. Briefly, for each organisms considered, we determined whether there was a significant phylogenetic footprint for each gene in that genome by detecting overrepresented motifs in promoter regions through the program "dyad-analysis" ([@msv193-B21]; [@msv193-B30]). We then created the coregulation networks in RSAT by linking similar phylogenetic footprints together as previously described ([@msv193-B10]) through the "footprint-discovery" program within RSAT with the following default parameters: "-lth occ 1 -lth occ_sig 0 -uth rank 50 -bg_model taxfreq -all_genes -sep_genes -filter -infer_operons -task all." Networks were also constructed without predicting operons by omitting the "-infer_operons" option. Consensus networks were created using a custom Python script using the "NetworkX" package. Networks were viewed and processed using Cytoscape v.3.2.1 ([@msv193-B64]). Sequence logos were created using WebLogo 3 ([@msv193-B18]). The MEME software ([@msv193-B3]) was also used to scan sequence groups, such as the putative EUO regulon for overrepresented motifs. Operon predictions were downloaded from the DOOR 2.0 database ([@msv193-B45]) for comparison against the RSAT operon predictions. Functional categories were assigned to genes through BLAST of the eggNOG 4.0 database ([@msv193-B55]). All networks may be downloaded as GML files from figshare.com/s/0b0b4ebe046a11e59e9c06ec4bbcf141.

Supplementary Material
======================

[Supplementary figures S1--S8](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1) and [tables S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1) and [S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv193/-/DC1) are available at *Molecular Biology and Evolution* online (<http://www.mbe.oxfordjournals.org/>)
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